Improved media have reduced the amount of serum protein required for clonal growth of normal human and chicken fibroblast-like cells. In the presence of limiting amounts of serum protein, attachment of colonies to tissue culture plastic surfaces is weak. Treatment of the culture surface with polylysine or other basic polymers causes the cells to adhere much more tightly. Growth is also improved on the surfaces treated with basic polymers, and further reductions in the concentration of serum are possible. At sufficiently low protein concentrations, growth of some types of cells is totally dependent on the use of a treated surface. Several different types of normal human and chicken fibroblast-like cells show improved growth on polylysine-coated surfaces, but no improvement was obtained in growth of a line of SV-40 transformed WI-38 cells. Acidic and neutral polymers are generally inactive. Collagen and gelatin improve growth slightly, but the effect is much less than that obtained with basic polymers. Both natural and synthetic polymers with an excess of basic groups are active, including histone, polyarginine, polyhistidine, polylysine, polyornithine, and protamine. The only critical requirement appears to be a polymer that carries a positive charge at a physiological pH.
The amount of serum protein required for clonal growth of normal human and chicken cells has been reduced significantly by recent improvements in medium formulation (9, 16) . ~ During experiments seeking to determine the role of the serum protein that was still required, we observed that colonies grown in the presence of limiting amounts of serum protein were poorly attached to the culture surface. Such colonies frequently came loose as sheets of cells during the mild mechanical In press. disturbances involved in removing the medium and fixing and staining the cultures.
Polylysine-coated surfaces have been used to attach live myoblasts, amoeba, and sea urchin eggs firmly to surfaces used in microscope observation (15) . This is believed to be accomplished through adsorption of polylysine molecules to the surfaces, followed by interaction between cationic sites on the attached molecules and anionic sites on the surface of the cells.
We have tested polylysine and a variety of other synthetic and natural polymers for their effect on the attachment of vertebrate cells grown in the presence of minimal amounts of serum protein to culture surfaces. The attachment is much more stable on culture surfaces that have been coated ThE JOURNAL OF CELL BIOLOGY" VOLUME 71, 1976" pages 727-734 with synthetic or natural polymers that carry positive charges. Moreover, clonal growth is markedly stimulated on such surfaces. For some types of cells at very low concentrations of serum protein, clonal growth is totally dependent on the use of a culture surface coated with a basic polymer. The results presented in this paper demonstrate a direct relationship between the nature of the culture substratum and the amount of serum protein required for clonal growth.
MATERIALS AND METHODS

Chemicals
Dextrans, alginic acid, histone, protamine, hyaluronic acid, polyvinylpyrrolidone, bovine serum albumin, and all synthetic polyamino acids were purchased from Sigma Chemical Co., St 
Media, Serum, and Serum Proteins
Clonal growth experiments with human cells were done in medium MCDB 104 (Table I) . Details of the development of MCDB 104, which is the most recent in a series of media developed in this laboratory specifically for clonal growth of human diploid cells (9, 16), are being published elsewhere3
Clonal growth experiments with chicken embryo fibroblasts were done in medium MCDB 201 (Table I) , 
Cells and Cultures
Diploid fibroblasts (strain WI-38) from human fetal lung tissue (10) were obtained from Dr. L. Hayflick (Stanford University School of Medicine, Stanford, Calif.). Stock monolayer cultures were maintained in MCDB 104 supplemented with 1.0 mg per ml FBSP, and subcultured as described elsewhere (16)?
Human diploid cells derived from fetal lung (passage 7), newborn foreskin (passage 7), and amniotic fluid (passage 4) were obtained from Dr. Charles Waldren (University of Colorado Medical Center, Denver, Colo.). These cultures were initiated and maintained in medium F12 (8) Primary cultures of chicken embryo fibroblasts were initiated from 10-day embryos in medium MCDB 201 supplemented with 2.5 mg per ml FBSP. They were subcultured in MCDB 201 with 1.0 mg per ml FBSP, and were generally used between the second and fifth passages.
Measurement of Clonal Growth
Cell suspensions prepared from monolayer stock cultures (16) 1 were diluted with protein-free medium to a concentration of 1,000 cells per ml for human cells or 1,500 cells per milliliter for chicken cells. Coming no. 25010 plastic tissue culture dishes (60 • 15 mm) (Coming Glass Works, Science Products Div., Coming, N.Y.), treated as indicated in the text and containing 5.0 ml of medium, were inoculated with 0.10 ml of the diluted cell suspension (100 human cells or 150 chicken cells). The cultures were incubated in a humidified 5% CO2 atmosphere at 37~ for 14 days for human cells and 10 days for chicken cells. At the end of the incubation period, the medium was removed, and the colonies were fixed for 5 min with a solution containing 2% (vol/vol) glutaraldehyde and 0.05 M sodium cacodylate buffer (pH 7.0). The colonies were then rinsed with H20 and stained for 5 min with 0.1% (wt/vol) crystal violet solution. Excess stain was removed by washing with H20.
Cell growth was quantitated by measuring the area and density of colonies photometrically. The measuring device consisted of an International Rectifier B2M photocell (International Scientific Instruments, Inc., Mountain View, Calif.) masked with a 5.0-ram diam round opening, and a variable light source. The illumination was adjusted until an output of 50/zA was obtained with a portion of the petri dish that contained no colonies over the opening. The colony to be measured was then placed over the opening, and the reduction in photocell output was recorded.
The "colony size" measurements obtained in this manner are proportional both to the area and to the density of the colony and accurately reflect the number of cells per colony. The colony size measurements reported throughout this paper are averages of the values obtained from at least five separate colonies per petri dish. The colony size measurement responds to small differences in clonal growth much more precisely than plating efficiency, which tends to remain near constant except under drastic conditions leading to almost complete growth failure. Therefore, the effects on "clonal growth" discussed in this paper refer primarily to changes in the number of cells formed from a single cell during the incubation period, rather than to the fraction of cells forming colonies or to colony morphology.
Substrate Coating Procedure
The procedure used for coating culture surfaces is very similar to that described by Mazia et al. (15) . All of the following steps were performed aseptically and at ambient room temperature. All components used for coating the culture substrate were dissolved in H20 at a concentration of 0.10 mg per ml and sterilized by passage through Millipore type GS (0.22 /~m) filter membranes. 0.5 ml of the solution was pipetted into each 60 x 15-mm plastic tissue culture dish. Care was taken to be sure that the solution was spread over the entire dish surface. After 5 min, the solution was removed with a Pasteur pipette, and the surface was washed with 1.5 ml of sterile H~O. The H20 was subsequently removed with a Pasteur pipette. Care must be exercised to remove all solutions completely from the culture surface since basic polymers seriously inhibit growth when added directly to the culture medium. In some experiments, the culture surface was coated and washed with nonsterile solutions, and the coated surface was sterilized by UV-irradiation.
RESULTS
The study of the effects of polymer-coated surfaces on clonal growth of normal cells was facilitated by the development of improved growth media that support formation of visible colonies from single cells with much smaller amounts of dialyzed FBSP than previously required (16)? Medium MCDB 104 (see footnote one and Table  I ) supported detectable clonal growth of WI-38 cells with a supplement of dialyzed FBSP of less than 100/~g per ml (protein equivalent to 0.20% (vol/vol) whole FBS). Under this condition, the colonies that formed were more loosely attached to the culture dish surface than those grown with higher amounts of FBSP supplement. Colonies were often washed from the surface by the fixing and staining procedure used to quantitate cell growth. Although the improved fixing procedure described in Materials and Methods reduced the detachment of colonies from the surface, it was apparent that the degree of adhesion of cells and colonies to the dish surface before fixation was affected by the amount of FBSP in the medium. Fig. 1 shows the effect of coating the culture surface with polylysine on colony formation by a variety of cell types. Media supplemented with 500 v-g per ml FBSP (protein equivalent to 1.0% (vol/vol) whole FBS) were used for this series of experiments. CIonal growth of human diploid strain WI-38 (passage 20) is markedly stimulated by the polylysine-coated surface (Fig. 1 a) . Colonies grown on the coated surface are generally less dense, and the cells migrate out from the center of the colonies over the culture surface rather than stacking up on top of each other. Clonal growth of human fibroblasts at lower passage numbers derived from fetal lung (passage 9), newborn foreskin (passage 9), and amniotic fluid (passage 6) is almost dependent on the polymer-coated surfaces in medium MCDB 104 supplemented with 500/~g per ml FBSP (Fig. 1 b, c, andd) . Clonai growth of chicken embryo fibroblasts (passage 3) in medium MCDB 201 containing 500/xg per ml FBSP supplement is also markedly increased by the polylysine-coated surface (Fig. 1 e) . In contrast to the results with normal cells, clonal growth of WI-38 cells transformed by infection with SV 40 virus is much less affected by the basic polymer-coated surface (Fig. l f) .
The degree of stimulation of clonal growth of the normal cells that is observed with polylysinecoated surfaces is related to the amount of FBSP in the medium. Fig. 2 illustrates the quantitative requirements for FBSP for clonal growth of newborn foreskin fibroblasts on untreated and on polylysine-coated surfaces. Significantly larger amounts of FBSP are needed for clonai growth without polylysine than with it. At concentrations of FBSP around 100 p.g per ml, clonal growth is completely dependent on the coated surface.
To determine the specificity of the type of surface coating that is beneficial to clonal growth, a variety of synthetic and natural substances were used to coat dish surfaces, and the coated dishes were tested for effect on growth of WI-38 cells. In the presence of 500 /tg per ml FBSP (Table II) , both synthetic and natural polymers with basic properties were found to stimulate growth markedly. This is in contrast to an assortment of acidic and neutral polymers which have no effect or inhibit growth. Coating the dishes with collagen or gelatin gives a detectable stimulation of growth, but it is only a fraction of that obtained by coating Fetol Bovine Serum Protein (~g per ml)
The effect of the polylysine-coated surface on growth response of human newborn foreskin fibroblasts to FBSP. Culture dishes were coated with polylysine where indicated. The cells were grown in medium MCDB 104 with the indicated amounts of FBSP. The resulting colonies were fixed and stained, and their size and density were measured photometrically as described in Materials and Methods. The average reading in photocell units for the colonies of foreskin fibroblasts shown in Fig. 1 c is 16 .0. This represents a single cell multiplication factor in excess of 12 doublings. * Cell culture plastic petri dishes were treated with the indicated polymer as described in Materials and Methods. The amount of polymer and the length of treatment were saturating for effect on clonal growth for all polymers tested. WI-38 cells were grown into colonies in medium MCDB 104 containing 500/zg per ml FBSP in the treated dishes. Colonies were fixed and stained, and colony size was measured photometrically as described in with the basic polymers. Some apparent benefit is obtained by coating the dishes wth FBSP if the subsequent clonal growth test is performed at ex-tremely low concentrations of serum protein. However, this may be primarily a nutritional effect. No benefit is seen from coating with FBSP under the test conditions in Table II (500 p.g per ml of FBSP in the culture medium). DISCUSSION Improvements in the defined portion of the culture medium have eliminated at least 90% of the serum protein requirement for clonal growth of fibroblast-like cells, both from chicken embryos and from human amniotic fluid, fetal lung, and newborn foreskin. In addition, the subculturing procedures (9, 16) 1 that are currently used appear to have eliminated cellular dependence on the antitryptic action of serum proteins. The cells will attach and flatten in the total absence of added serum proteins, and in dense cultures will undergo several rounds of division before exhausting nutrient reserves.
With minimal amounts of serum protein added to the improved media, the cells in the developing colonies tend to be firmly attached to one another, but only very loosely attached to the culture surface. Entire colonies are easily dislodged from the culture surface as coherent sheets of cells, even when the cultures are handled very gently. Treatment of the culture surface with polylysine efficiently overcomes the problem of detachment of colonies and permits the serum concentration to be reduced to the point where it becomes nutritionally limiting. Under such conditions, the attachment of the cells to the culture surface appears to be stronger than their attachment to one another. The colonies that are formed are flat and diffuse, with the cells tightly flattened on the culture surface and scarcely in contact with one another at all.
The literature contains several reports of enhanced cellular attachment and spreading in the presence of basic proteins and polyamino acids (12, 13, 15, 26) . There are also reports that histones and basic polyamino acids stimulate uptake of calcium and of macromolecules (22, 23, 31) . Access of nutrients to the cells may be one of the factors that limit cellular population density (4, 25) . If such is the case, polylysine and other cationic polymers might stimulate growth either by increasing cellular surface area as a result of greater flattening or by direct enhancement of nutrient uptake. It is interesting to note that the amount of serum needed to initiate DNA synthesis in HeLa or BHK21 cells that are attached and flattened is much less than the amount needed for rounded cells in suspension culture (1, 18) .
Growth of "normal" cells is generally considered to be "anchorage dependent" (24) . We have not yet evaluated fully the implications of obtaining reasonable clonal growth under conditions of marginal attachment. However, the improvement in growth that accompanies improved attachment on surfaces coated with basic polymers is consistent with the anchorage dependence concept.
It is difficult to compare previous literature reports on cellular attachment, flattening, and growth either with one another or with the present work because of the diversity of cell types, culture media, culture surfaces, and experimental techniques that have been used. Two operationally distinct forms of cellular attachment and flattening seem to be involved. One occurs rapidly in the absence of serum or other proteins, and is delayed significantly by the presence of serum proteins (5, 7, 17, 26, 32) . The other is slower, and in many cases has been reported to be dependent on specific serum proteins (6, 12, 29) . Inhibition of trypsin may be an important part of the action of serum (28) , but specific attachment and growthpromoting effects also appear to be involved (6, 11) .
The exact nature of cellular attachment to culture surfaces is not understood. The electron microscope reveals a region 450 A thick that is filled with electron-dense material between the plasma membrane and the actual culture surface. Components from serum bind tightly to the culture surface (20, 26) . In addition, material of cellular origin is present between the cells and the culture surface (3, 20, 21, 33) . When cells are removed with EGTA, a layer of substrate-attached material containing both serum and cellular components is left on the culture surface (3). This residual "microexudate" is rich in high molecular weight acidic proteoglycans (27) . Surfaces coated with microexudate from rapidly proliferating cultures support enhanced growth of cells at low population density, although there is no effect with larger inocula (30, 33) .
Culp (2) has proposed a model in which the negatively charged proteoglycans of the microexudate from the cells bind to the culture surface, which is normally coated with serum proteins. The proteoglycans on the culture surface then cross link through Ca §247
to negatively charged components of the cell surface. If this model is valid, the basic polymers in our experiments would form a surface that is electrostatically favorable to accommodate a carpet of acidic cell-derived microexudate, and might possibly also stimulate deposition of the microexudate. The fact that cells can be harvested from polylysine-coated surfaces by normal trypsinization procedures without loss of viability suggests that attachment is of the same general nature as that on untreated surfaces (our unpublished results).
In the past, it has generally been assumed that a negatively charged surface is desirable for cell growth, and that cationic bridges are involved in the attachment and flattening process (14, 19) . Polylysine significantly reduces the net negative charge of Coming tissue culture petri dishes as measured by crystal violet binding (19) . However, we are not certain whether the coating generates a net positive charge or merely reduces the net negative charge. Data presented by Macieira-Coelho and Avrameas (13) suggest that cultured cells will attach to positively-charged surfaces.
Unmodified "bacterial" polystyrene petri dishes have hydrophobic surfaces and will not support attachment or clonal growth of cells in our current media. After treatment with polylysine, they do support both cellular attachment and the formation of visible colonies, although these results are not equal to those obtained on "tissue culture" dishes coated with polylysine. Glass petri dishes coated with polylysine are equivalent in growthsupporting ability to treated tissue culture plastic dishes. A net surface charge appears to be needed to obtain sufficient attachment of polylysine to promote optimum growth.
Although surfaces coated with the natural basic polymers, histone and protamine, stimulate clonal growth somewhat better than surfaces coated with polylysine (Table II) , we prefer the synthetic, chemically defined polylysine as the coating agent of choice to avoid the possible introduction of biologically derived trace contaminants into the culture system. The fact that coating the culture surfaces with any of a variety of natural and synthetic polymers that are positively charged at physiological pH will improve clonal growth suggests that the critical factor is the positive charge rather than the chemical nature of the polymer. If this is the case, it should be possible to introduce a chemical modification during the manufacturing process that will result in culture vessels with positively charged surfaces that are far better for cellular growth than those that are currently available.
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